The bachelor's degree in Physics at Loyola University Chicago requires both an upper-division course in Optics as well as a companion Optics Laboratory course. Recently, the laboratory course has undergone dramatic changes. Traditional weekly laboratories have been replaced with three laboratory modules, where students focus on a single topic over several weeks after which the students submit a laboratory report written in the style of a journal article following American Institute of Physics style manual. With this method, students are able to gain a deeper understanding of the specific topic areas of radiometry, photometry and colorimetry, lens design and aberrations, and polarization and interference while using industry-standard equipment and simulation software. In particular, this work will provide the details of the laboratory module on radiometry, photometry and colorimetry where students use a photoradiometer and integrating sphere to characterize the optical properties of an LCD monitor, light bulb and a fiber optic light source calculating properties such as luminous flux, luminous intensity, luminance, CIE color coordinates, NTSC ratio, color temperature and luminous efficacy.
INTRODUCTION
Loyola University Chicago is one of the United States' largest Jesuit, Catholic Universities. Founded in 1870 as St. Ignatius College, Loyola's excellence in education has been consistently ranked by U.S. News and World Report among the "top national universities." Loyola offers a bachelor's degree in Physics and has recently grown into one of the largest bachelor's-only degree granting departments in the United States, averaging 21 graduates a year from the period from 2008 to 2010 [1] and graduating 30 students this spring. Our graduates pursue a wide range of opportunities after they graduate, including graduate studies in physics and engineering, professional studies in education and medicine, as well as joining the workforce as engineers, researchers and technicians in private companies, hospitals and government laboratories.
This growth has enabled the physics curriculum to be revamped, and an increased emphasis has been placed on advanced laboratory courses. Optics and its corresponding laboratory course, Optics Laboratory, are required courses for Physics majors and elective courses for Biophysics and Theoretical Physics and Applied Mathematics majors. Furthermore, all students at Loyola are required to take two writing-intensive courses, in which there is a variety of writing assignments integrated closely with the course curriculum. Optics Laboratory is a writing intensive course and is frequently the only writing intensive course that Physics majors take within the sciences.
To meet the future professional needs of the students as well as the requirements to be a writing-intensive course at Loyola, the laboratory work has been split into modules, where students focus on a single topic of optics in a laboratory environment over several weeks and publish a laboratory report written to meet the standards set by the American Institute of Physics Style Manual. Currently, there are three different modules within the laboratory course: a study of radiometry, photometry and colorimetry, a study of lens design, image formation and aberrations and a study in polarization, diffraction and interference. This work will cover the details of the first laboratory module including the experimental procedures, equipment used as well as less expensive alternatives and typical results collected and analyzed by the students.
OPTICAL PERFORMANCE OF A MONITOR DISPLAY

Experimental Setup and Procedure
The student's initial efforts will be to optically characterize the performance of a display. There are many possible options for the display, but we choose to use a liquid crystal display monitor interfaced with a computer using the Microsoft Windows Operating System. The display's performance is measured using a Topcon Photoradiometer SR3 with the data reported on another Windows OS computer using the Topcon CS-900 program. The SR3 has the advantage of reporting the radiance as a function of wavelength in intervals of 1 nm, which is used later in this module. However, the SR3 is an expensive instrument and lower costs alternatives exist, including a Konica Minolta CS-100A chroma meter, an instrument that can read the luminance and CIE color coordinates of a surface.
The optical performance of the monitor is measured normal to the surface of the display. The monitor will be set up to display a full screen of a particular color, by using the Microsoft program Paint. Within Paint, custom colors can be created by clicking "Edit Colors", choosing the custom color button and entering the appropriate values for red, green and blue. Table 1 shows the values entered for each color tested. Once, the appropriate values have been entered, by using the "Fill with Color" icon, the entire area can be made a single color and using the "View Bitmap" selection, the entire monitor screen will show this single color. The students will measure the luminance and the 1931 and 1976 CIE color coordinates for each of the colors given in Table 1 . Table 1 . The colors to be shown and measured on the monitor and the values entered in MS Paint to obtain those colors.
Analysis of the Display Measurements
After the data is collected, the student will then analyze it by developing the key optical parameters used to specify a typical display. These parameters include the luminance, contrast ratio, NTSC Ratio, color temperature and gamma [2] .
Luminance:
The reported luminance of the display is the luminance of the display when displaying white. This is often referred as brightness in product specifications, which introduces the students to the often poor nomenclature used in optical specifications. A typical luminance for a monitor is 150 to 300 nits, while newer smart phone displays will have a typical luminance of 500 nits.
Contrast Ratio:
The contrast ratio of the display is reported as the ratio of the luminance of the display when displaying white and the luminance of the display when displaying black. For liquid crystal displays, the contrast ratio is dependent on direction the display is viewed at. The maximum contrast ratio for liquid crystal displays are very near the normal to the display surface, but it can vary significantly with typical contrast ratios exceeding 250:1.
NTSC Ratio:
The NTSC Ratio provides a single data point that gives an overall measure of the quality of the colors displayed by the monitor. Originally defined in 1953, the National Television System Committee specified the 1931 CIE color coordinates for red, green and blue images [3] , forming a triangle when plotted. Because of the short lifetimes of the phosphors that could meet these requirements, most color televisions never met these specifications. The NTSC ratio is defined as the percentage of the area of the triangle formed by the color coordinates of the actual display's Color Temperature: An alternative to reporting the CIE color coordinates of the display's white screen is to report the color temperature [4] . The spectral radiance of a black-body light source at a given temperature can be reported as CIE color coordinates. The white screen of a display can closely mimic a blackbody radiator and hence, its color can be reported as a color temperature. Typical color temperatures of displays range from 6000 to 10000 K.
Gamma:
To properly display an image, the luminance of the data has to change appropriately for the incoming signal [5] . The signals, which range from 0 to 255 for each color of a 24-bit display, can be adjusted by manipulating the custom colors in MS Paint. By measuring the luminance of various gray levels, gamma can be determined by fitting the data according to
where GS represents the gray level, which can range from 0 for black to 255 for white, L(GS) is the luminance of a particular gray level, L(W) is the measured luminance of the display when the display is showing white and L(B) is the luminance of the display where the display is showing black. Furthermore, the students are asked to ensure that the color of the various gray levels is neutral, that is, the color as measured by the CIE color coordinates remain very close to the CIE color coordinates of the white screen.
Typical Results of an LCD Monitor
Data was collected using a Lenovo ThinkView monitor by a student and the results are reported in Table 2 . The results are consistent with a monitor made in the middle of the last decade. Table 2 . The optical parameters of a Lenovo ThinkView monitor as measured and analyzed by a student.
Additionally, students will need to present their data in their laboratory reports in both clear language and instructive figures. Figure 1 shows the 1931 CIE Color Coordinates for the white, blue, green and red screens of the monitor as well as the NTSC triangle. Figure 2 shows the measured luminance of the different gray scales and best fit of gamma. 
OPTICAL PERFORMANCE OF A MINIATURE LIGHT BULB
Experimental Setup and Procedures
Students are also asked to characterize the optical and electrical performance of a miniature light bulb. To gather the raw data needed, the students will learn how to properly use an integrating sphere [6] . The integrating sphere chosen for this work was a Labsphere 5.3" inner diameter general integrating sphere with an inner surface coating of Spectralon® material (Labsphere Product No. 4P-GPS-053-SL). The integrating sphere was chosen both for this laboratory module as well as to act as a uniform light source in another laboratory module as it has a large 2" diameter port. The light source chosen for study was a 14.4 V, 100 mA miniature light bulb (Radio Shack Part No. 272-1127). The light bulb is inserted into the integrating sphere for the measurements. To ensure that very little light from the source can escape the integrating sphere, two holes were drilled into a 1" port plug (Labsphere Product No. PP-100-SL) to allow for the leads for the wires needed to drive the light bulb electrically. Figure 3 . Figure 3 . A side view of the experimental setup used to measure the optical and electrical properties of a miniature light bulb. A power supply is attached to wires that pass through a port plug to a light bulb inside the sphere. An ammeter and voltmeter are used to accurately measure the current through and electrical potential across of the light bulb's filament. A calibrated light source is attached to the top of the integrating sphere. A baffle is placed on the inside of the sphere to prevent both sources from directly illuminating the detector, which is a piece of opal glass. The luminance of the opal glass is measured using the photoradiometer. Instead of using a traditional detector, the Topcon SR-3 Photoradiometer will measure the luminance of the opal glass.
With no other lights present in the room, the student will measure the luminance of the surface of the opal glass with the calibrated light source on and the light bulb off. Then, with the calibrated light source off, the student will measure the luminance of the surface of the opal glass with the light bulb on. The applied voltage to the light bulb will be varied from 0 V to 14.5 V in steps of 0.5V. Furthermore, the student will accurately measure the current to the light bulb as well as the applied voltage using traditional digital multimeters.
Analysis Performed on the Light Bulb Measurements
Once the data has been collected, students will determine the optical properties of the light bulb. The luminous flux as a function of wavelength of the calibrated light source is provided by the supplier. The luminous flux of the test light source can then be determined by [6] 
T T C C calibrated light source.
With this information, the luminous flux of the test source then can be determined by [7] = ( )y( )
T With this information, the efficacy of the light source can also be found by =
where is the luminous flux of the test source and P is the electrical power used by the test source. Finally, students are asked to report the color temperature of the test source. This is usually taken directly from the reported CIE color coordinates as measured from the opal glass and neglects any impact of the integrating sphere and opal glass on the measurement. However, it is sufficiently accurate to provide information that can assist in the student's understanding of color temperature as the light bulb's spectral curve more closely resembles that of a black-body radiator.
Typical Results of the Optical Properties of a Miniature Light Bulb
After collecting and analyzing the data, the students will then write a formal report. Examples of the type of information presented in the report are given below. Table 3 provides an example of data collected by a student when the applied electrical potential across the light bulb was 14.5 V. As the students also collected results over a wide range of applied voltages, the actual data can be better presented in figures, with examples of this data given here. Figure 4 shows the luminous flux as a function of applied voltage. Figure 5 shows the luminous efficacy of the light bulb measured as a function of applied power, and Figure 6 shows the color temperature as a function of applied voltage. Table 3 . Typical optical parameters of a Radio Shack miniature light bulb measured and analyzed by a student. 
OPTICAL PERFORMANCE OF A FIBER OPTICS LIGHT SOURCE
Experimental Setup and Procedures
Finally, the students are asked to measure the optical performance of a directional light source. Currently, we ask the student to measure the luminous intensity of a fiber optics light source (Dolan-Jenner DC950H Fiber Optic Light Source with B848 fiber optic light guide and SX5 adapter). The light of this source is quite directional and the source is set up approximately 10 cm from a diaphragm placed a few cm from an open port of the integrated sphere. The experimental set-up is shown in Figure 7 . With the light directed through the diaphragm, the students will measure the luminous flux of the light passing through the diaphragm by the same methods by which they measured the luminous flux of the miniature light bulb. That is, they will measure the luminance o of the opal glass with the calibrated light source on and the fiber optic light source off, and then repeat the measurement with the calibrated light source off and the fiber light source on.
Analysis Performed on the Fiber Optic Light Source
The total luminous flux of the fiber optic light source entering the integrating sphere can be made by repeating the method set described in Section 3.2. When describing the light from a highly directional light source (such as a laser, LED or fiber optic light source), a more accurate description would be to measure the luminous intensity in a particular direction. The luminous intensity, I , is given by [8] 
where A is the area of the diaphragm opening and R is the distance from the light source to the diaphragm. Figure 7 . A top view of the experimental apparatus to measure the luminous intensity of a highly directional light source. Light from the source passes through a diaphragm into an integrating sphere, where the luminous flux can be measured by comparing the results with a calibrated light source.
Typical Results of the Fiber Optics Source
Again, the student is asked to perform the necessary measurement and calculations to determine the luminous intensity of fiber optics light source. Table 4 gives typical results. Table 4 . Typical optical parameters of a Dolan-Jenner fiber optic light source.
CONCLUSIONS
This paper describes a laboratory module in the study of radiometry, photometry and colorimetry as a component of an advanced undergraduate laboratory course in Optics for physics majors. I believe that this approach to learning and the particular topic area offers a unique experience in the student's education for several reasons.
The experimental experience is closer to what a student might be faced with as either a professional engineer or scientist. The module involves correctly collecting the data but places a greater emphasis on the correct analysis of the data. In the modern laboratory, the collection of the data is often trivial compared to its correct analysis. Furthermore, by placing a significant emphasis on the correct scientific presentation of the results through the creation of a laboratory report based on American Institute of Physics Style Manual guidelines, the student must clearly articulate a deep understanding of the underlying physics as well as develop methods to succinctly express the key results in their work. Finally, the study of the radiometry, photometry and colorimetry is a neglected topic in most undergraduate optics courses. The study of quantitatively describing light has applications in architectural illumination, electronic displays, lighting and communications. However, the typical undergraduate optics course curriculum often has not kept up with the rapid changes in the field nor the new technologies enabled by advances in optics. As instructors, we will continue to be challenged with difficult decisions on how to present the large and broad field of optics in a single semester course and it is my belief that this highly accessible material is worthy of placement in that curriculum.
